Abstract Four allotetraploid somatic hybrids of citrus, with potential for rootstock improvement, have been evaluated for their response to Citrus tristeza virus (CTV) infection. CTV is the most important viral pathogen affecting citrus production worldwide. Somatic
Introduction
In citrus culture, no rootstock combines tolerance or resistance to major biotic and abiotic stresses, as well as providing good yields of high quality fruit. Sour orange (Citrus aurantium L. Osb.), was formerly the most important rootstock in almost every citrus-growing region of the world (Etebu and Nwauzoma 2014) . It is still the prevalent rootstock in the Mediterranean basin. Scions grafted to sour orange produce good yields of high-quality fruit that remain on the tree longer than most other common citrus rootstocks (Etebu and Nwauzoma 2014; Dubey and Sharma 2016) . They are also resistant to gummosis and foot rot caused by Phytophthora spp, cold hardy, tolerant of salt, Citrus exocortis viroid (CEVd) and Hop stunt viroid (HSVd) -Chachexia-variant, field-tolerant of citrus blight and grow well in a range of soils (Castle 1987; Hodgson 1967) .
The limiting factor of sour orange as rootstock is the extreme susceptibility to quick-decline disease caused by Citrus tristeza virus (CTV) (Bar-Joseph et al. 1989) . CTV is a phloem-restricted virus transmitted by several species of aphid that causes a systemic infection characterized by a wide range of symptoms such as: stem pitting (SP), seedling yellows (SY), and quick decline (QD). Tristeza leads to the death of the plants over a period of few weeks to many years, depending on the interaction between the viral strain and the rootstock. The recent introduction of the most efficient insect vector of CTV (the brown citrus aphid Toxoptera citricida K.) as well as the emerging spread of severe CTV strains throughout the southern rim of the Mediterranean Basin (EPPO 2009) , is seriously threatening the use of sour orange as the predominant rootstock (Dambier et al. 2011) .
The future of the southern Mediterranean citrus industry depends on finding a suitable alternative CTV-tolerant rootstock that is well adapted to the major biotic and abiotic constraints of the area. Recently, alternative rootstocks proposed have been shown to be inadequate as a replacement for sour orange due to several reasons: a lack of adaptation to specific soils, lower fruit quality, horticultural problems (nursery and field performance) and susceptibility to disease. Indeed, Swingle citrumelo (Citrus paradisi x P. trifoliata), Troyer and Carrizo citranges (C. sinensis x P. trifoliata), considered the best options for CTV tolerance, perform poorly in clay, wet and/or highly calcareous soils (pH ≥ 8.5) (Castle 1995 (Castle , 2010 . Troyer and Carrizo citranges are all susceptible to iron deficiency and citrus trees planted in calcareous soils often show signs of severe Fe deficiency or Fe chlorosis because of low Fe availability. Moreover, scions grown on P. trifoliata hybrids are severely affected by CEVd and HSVd, two pathogens highly endemic in the Mediterranean basin (Verniere et al. 2011 ).
Citrus somatic hybridization has become a useful tool of citrus breeding programs worldwide. This strategy has been employed to circumvent the biological barriers encountered using conventional breeding approaches, such as sexual incompatibility, nucellar embryogenesis and polyembriony, male and/or female sterility, long juvenility and different bloom phases (Grosser and Gmitter Jr 1990) . Hence, through protoplast fusion somatic hybridization provides the ability to generate unique homokaryon or heterokaryon types, combining nuclear and cytoplasmic genomes belonging to different species and genus (Davey et al. 2005; Eeckhaut et al. 2013; Grosser and Gmitter Jr 2011; Johnson and Veilleux 2001; Wang et al. 2013) . The strategy employed in citrus rootstock breeding programs is to fuse complementary diploid rootstock genotypes, generating new somatic hybrid plants with key important agronomic features, such as resistances to biotic/abiotic stresses, wide soil adaptation and high productivity (Grosser et al. 1995 (Grosser et al. , 2000 (Grosser et al. , 2007 Grosser and Gmitter Jr 2011; Ollitrault and Navarro 2012) . Previous field evaluation of tetraploid somatic hybrid rootstocks confirmed the ability of citrus polyploids to reduce tree size, maintaining adequate high yield and quality Gmitter 2005, 2011) with favorable changes of several biochemical indices, such as superoxide dismutase, peroxidase, catalase, carbohydrate content, and photosynthetic pigments (Wang et al. 2013; Fatta Del Bosco et al. 2013; Napoli et al. 2016) .
As for many other citrus countries in the world (Mendes da Gloria et al. 2000; Ollitrault et al. 2000; Pereira de Carvalho Costa et al. 2003; Grosser et al. 2004; Guo et al. 2008 ), a major goal of our research is to identify alternative hybrid rootstocks that possess desirable attributes of sour orange and the resistance to CTVinduced quick decline. In the present study, we evaluated the response of four citrus allotetraploid somatic hybrids to CTV artificial infection through serological and molecular approaches. To fully characterize the behavior of selected allotetraploids, two pathogenically distinct CTV strains, mild and severe (Davino et al. 2013) , were inoculated onto separate replicates for each genotype tested. Finally, somatic hybrids were propagated by rooted cuttings in citrus orchard locations characterized by severe disease incidence of CTV in order to verify their response to natural infections and evaluate their horticultural performances.
Material and methods

Plant material and growing conditions
The listed (Table 1) allotetraploid somatic hybrid plants, obtained through protoplast fusion from four complementary parental combinations Gmitter 1990, Louzada et al. 1992) were studied. Sour orange and Citrus alemow (Citrus macrophylla Wester) seedlings were used as CTV-susceptible controls. Plants were propagated as self-rooted cuttings. Experiments were carried out at the experimental station of the Institute of Biosciences and BioResources (IBBR-CNR), Collesano, Palermo (Italy). Twenty-four month old plants were used for the experimental trial.
Flow cytometry and molecular analysis
The ploidy of genotypes studied was evaluated by flow cytometry analysis, using sour orange diploid sample as standard. The experiment was carried out following the procedure previously described in Fatta Del Bosco et al. (2017) . Three replicates for each sample were analyzed.
Additionally, to confirm the allotetraploid nature (Grosser et al. 1995 , 2000 , Grosser and Gmitter 2005 , somatic hybrids and their parents were analyzed by using six nuclear microsatellites (TAA27, CAC15, CCT01, CAT01, CAC33 and CAC23; Jannati et al. 2009 ). Amplification reactions were performed in 20 μl final volume reaction mixture as described in Mercati et al. (2013) . The amplification fragments were resolved on ABI PRISM 3130 Genetic Analyser (Applied Biosystems by Life Technologies, Foster City, USA), and the alleles were sized by GENEMAPPER 4.0 (Applied Biosystems by Life Technologies).
Citrus tristeza virus strains and plant inoculation procedures
Two biologically characterized CTV strains (Davino et al. 2005; Davino et al. 2013) , named CTV-DS1 (AY263360) and CTV-DS2 (AY263361), with different regional origin and pathogenicity characteristics ('mild' and 'severe') were used. CTV-DS1 represents a mild strain with the same pathogenetic characteristics of CTV-T385, while CTV-DS2 represents a severe strain closely related to CTV-SY568 (Davino et al. 2005; Ruiz-Ruiz et al. 2007) . CTV strains were maintained in inoculated 'Valencia' sweet orange plants grown in pots and maintained separately in an insect-proof screen house in order to avoid cross-contamination between the strains. Artificial infections were established by grafting budwood of 'Valencia' sweet orange infected with mild CTV-DS1 and severe CTV-DS2 strains, onto twentyfour-month-old seedling plants of the tetraploid somatic hybrids used as rootstocks. Budwood of 'Valencia' sweet orange excised from indexed virus-free plants grown in screen house were grafted on each somatic hybrid and used as healthy control (Online Resource 1). A total of forty-two plants, seven for each genotype (three replicates inoculated with CTV-DS1, three replicates inoculated with CTV-DS2 and one healthy control) were analyzed. Plants were maintained in a phytotron with a 16:8 h light:dark, 26°C and relative humidity of 70%-90%, until sample collection. Sprouts of the rootstock plants were periodically removed below and above the bud insertion in order to collect and analyse only leaves belonging to shoots.
Trial evaluations started 60 days after inoculation (budding). Young fully expanded leaves were collected from the shoots of infected and healthy control plants at 30 days intervals, from 60 to 150 days post inoculationdpi -(4 experimental times). Leaf samples were collected randomly up from branches spaced evenly around the canopy. At least five leaves per tree were collected and stored at −80°C until use.
Das ELISA
Leaves were tested for the presence of CTV by DAS-ELISA using a mixture of 3DF1 and 3CA5 CTV specific monoclonal antibodies (Plant Print Diagnostics, Spain) according to standard protocol (Cambra et al. 1990 ). Crude antiserum diluted 1:1000 in coating buffer (0.2 M sodium carbonate buffer, pH 9.6) was used to coat each ELISA plate. The citrus extraction buffer (Walter and Etienne 1987) was utilized for sample preparation (1:10). A 200 mg portion of leaf petiole per sample was ground using mortar and pestle and diluted with 2 ml of citrus extraction buffer. After a brief centrifugation, 200 μl of supernatant was loaded and incubated overnight at 4°C. Subsequent steps were performed as described by Clark and Adams (1977) .
RNA extraction
To critically analyze for the presence of CTV in all leaf samples, total RNA was extracted from 100 mg of fresh leaf tissue using the Nucleo-Spin RNA Plant kit (Macherey-Nagel GmbH & Co. KG, Germany) according to instructions. RNA extracts were re-suspended in RNase free water and treated with RNase-free DNase. RNA quantity and purity was assessed using a Nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA, USA). Aliquots were stored at −80°C.
RT-PCR analysis
RT-PCR was carried out to evaluate the presence of CTV strains in infected and control plants, from 60 to 150 days after inoculation. The p20 gene (Vives et al. 1999 ) was used as CTV target. For each time point, total RNA (2 μl) was used in a RT-PCR one-step reaction containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 3 mM MgCl 2 , 0.4 mM dNTPs, 1 μM of primers p20F/ p20R (Sambade et al. 2002) , 4 U of RNaseOut, 20 U of SuperScript II reverse transcriptase-RNaseH and 2 U of Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA). RT-PCR was carried out under the following conditions: 42°C for 30 min, 94°C for 2 min, 35 cycles of 30 s at 94°C, 30 s at 50°C, and 30 s at 72°C with a final elongation of 4 min at 72°C. Resulting products were visualized in a 1.5% agarose gel stained with ethidium bromide.
SSCP analysis
Single Strand Conformation Polymorphism (SSCP) analysis (Rubio et al. 1996 ) was carried out to assess possible sequence variants of virus in the new hosts. The profiles of RT-PCR positive samples were compared to CTV infected 'Valencia' orange profiles used as reference. The sequence of strains with the same SSCP pattern was determined in an ABI PRISM 3100 DNA sequence analyzer (Applied Biosystems) (Vives et al. 2005) . The sequences were aligned and compared to those of the reference strains (CTV-DS1, Acc. No. AY263360 and CTV-DS2, Acc. No. AY263361) using MEGA4 (Tamura et al. 2007 ).
Real-time qRT-PCR assay
Real-Time qRT-PCR (RT-qPCR) was performed to evaluate the titer of CTV strains in leaf samples. The experiments and the procedure to determine the absolute number of gRNA copies for each strain were carried out using the primer set PM197F-PM198R following the protocol described in Ruiz-Ruiz et al. (2007) . Three replicates for sample were performed in independent RT-qPCR assays. For each run the fluorescent intensity was collected during the annealing temperature and the threshold cycle (Ct) was calculated using the automatic method. Ct mean and standard deviation (S.D.) for each plant were evaluated. The number of target RNA copies in each genotype was estimated interpolating the individual Ct values in the standard curve and using the corresponding log values of the RNA copy number, as previously described (Ruiz-Ruiz et al. 2007) .
Results
Ploidy and genetic analysis of studied allotetraploids
To confirm the hybrids profiles for selected Citrus allotetraploids, their ploidy level was estimated by flow cytometry. The results of nuclear DNA content displayed that all candidate rootstocks investigated in present study showed a 4n ploidy level (Table 2) , confirming their somatic hybrid nature. These evidences were confirmed by genetic analysis using six nuclear microsatellites (Online Resource 2). Among SSRs selected, CAT01 was the most informative marker, allowing to verify the hybrid nature for all genotypes analysed.
Serological and molecular characterization DAS-ELISA and one-step-RT-PCR detection procedures were used to evaluate the presence of two distinct CTV strains in shoots of 'Valencia' sweet orange grafted on four distinct citrus somatic hybrids and two healthy citrus rootstock controls. Four time-points were considered (60, 90, 120 and 150 days after inoculation) and a total of 72 time-points, 12 for each genotype (four for treatments) were analyzed. As shown in Tables 2, 19 out of the 72 time-points tested, gave positive DAS-ELISA reactions. Nineteen ELISA positive samples were also verified by RT-PCR assay. Only the combination on 'Milam' lemon+Sour orange yielded positive result with the severe strain (CTV-DS2) at the first time-point (60 dpi), while at 90 dpi, both susceptible controls were positive: Sour orange for the strain CTV-DS1 and Citrus alemow for both virus srains. At 120 dpi, the CTV-DS2 strain was readily detected in the leaves of 'Valencia' sweet orange grafted on sour orange. At 150 dpi (last sampling), all leaf samples reacted positively to both CTV strains, except those from the combination grafted on 'Milam' + Sour orange, positive to the severe CTV strain, and Calamondin+'Keen' sour orange that was negative for both virus strains. The latter genotype can be considered resistant to both CTV strains (Table 2) . Control plants, grafted with healthy sweet orange budwoods, yielded no amplification with RT-PCR assay and negative signals with DAS-ELISA tests.
The amplicons obtained from qualitative RT-PCR assay were typed through SSCP analysis confirming that both CTV strains ex ante and ex post exhibited the same characteristic profile (Fig. 1) . The sequences of positive samples detected by RT-PCR at 150 dpi were also aligned to CTV-DS1 (AY263360) and CTV-DS2 (AY263360) reference sequences. A high degree of similarity (99%) was underlined, confirming the 
viruses' stability in the hosts during the experimental course (Online Resource 3).
Detection and quantification of CTV-targets
To assess the CTV titer of DAS ELISA and RT-PCR positive samples, a RT-qPCR assay was carried out. The viral load of the two CTV strains within the same genotype was similar, except for samples from the combinations grafted on 'Milam' + Sour orange and Sour orange (Table 3 ). The Ct values estimated for each sample were interpolated in a standard curve, as described by Ruiz-Ruiz et al. (2007) . Leaves of sweet orange grafted on Citrus alemow (susceptible control) showed the lowest Ct values (highest estimation of CTV copies) for both strains over the different time-points: their Ct values ranged from 20.5 ± 0.21 to 19.3 ± 0.15 with strain CTV-DS1, and from 20.5 ± 0.70 to 18.3 ± 0.09 with strain CTV-DS2 (Table 3) . In Citrus alemow a stable number of CTV copies (ranging from 1.87 × 10 5 to 1.97 × 10 5 for CTV-DS1 and from 1.94 × 10 5 to 2.02 × 10 5 for CTV-DS2) were observed (Table 3) . RTqPCR assays confirmed results previously obtained by DAS-ELISA and qualitative RT-PCR analyses. The CTV-DS1 strain was not detected in the combination 'Milam' + Sour orange, while the strain CTV-DS2 was identified at all time-points with higher Ct value than in susceptible control (Citrus alemow). In the last sampling, the presence of both CTV-DS1 and CTV-DS2 strains was confirmed in infected combinations grafted on Calamondin+'Femminello' lemon, Cleopatra+ 'Femminello' lemon and 'Milam' + Sour orange, with higher Ct values (minor virus concentration) than in Citrus alemow. Except for Calamondin+'Femminello' lemon and Cleopatra+'Femminello' lemon, the viral load was similar in all combinations. In fact, the presence of a plateau is evident in the last two sampling times (Table 3) . As expected, no amplicons were observed in the CTV-free control samples. Interestingly, both CTV strains were not detected in BValenciaĝ rafted on Calamondin+Keen Sour (Table 3) .
Discussion
In the present study four Citrus allotetraploid somatic hybrids, developed as potential alternative rootstocks to sour orange, were artificially infected with two distinct CTV strains, differing in their pathogenicity (Davino et al. 2005 (Davino et al. , 2013 , and evaluated for their ability to support CTV replication through serological and molecular analysis. The approach used in our study is widely utilized to evaluate the plant response to virus infection, (Garnsey et al. 1987; Bar-Joseph et al. 1989; Folimonova et al. 2009; Coletta-Filho et al. 2010; Zanutto et al. 2013; Yang et al. 2016) , which enables a reliable estimation of CTV gRNA accumulation in infected citrus hybrids (Ruiz-Ruiz et al. 2007; Osman et al. 2015) . A reliable, fast and sensitive method of detection and quantification of CTV is a critical point for quarantine stations and citrus nurseries, which must certify the virus-free status of plant material. Previous studies on CTV infection evaluation based only ELISA assays did not find clear differences in the viral titer on mature citrus trees (Cambra et al. 2002) , underlining the limits of serological tests due to both the low titer of the virus in certain periods of the year and the uneven distribution of the virus in infected plants (Roistacher Mathews et al. 1997; Osman et al. 2015) . On the contrary, the high sensitivity of RT-qPCR allowed detecting the virus in samples that appear CTV negative with other techniques (Osman et al. 2015) . In other cases CTV detection by DAS-ELISA and RT-qPCR were comparable (Bertolini et al. 2008) . Therefore, the combined approach used in this study, provides a more comprehensive view of CTV infection over time.
Here, the response of graft-inoculated plants to CTV artificial inoculation varied with the virus used (mild or severe), however in comparison to sour orange and Citrus alemow, an enhanced capacity to hinder the virus replication of a severe strain of CTV was observed in some of the allotetraploid somatic hybrids. Indeed, most of the genotypes tested showed a degree of reduction in CTV replication; specifically, our results showed a reduction in the virus replication for the mild strain in 'Milam' + Sour orange and for both CTV strains in Calamondin+'Keen' sour orange somatic hybrids, suggesting that this somatic hybrid restricts growth and replication for each virus tested. Both somatic hybrid combinations involving sour orange as one of the progenitors displayed better performance in the reduction of virus replication, as compared to the susceptible sour orange and Citrus alemow controls. The combination sweet orange/Calamondin+'Keen' sour orange looks extremely promising, remaining symptomless of the virus infection during 150 dpi, either with the severe or the mild strain.
Polyploid individuals are expected to have greater breadth of ecological tolerance, or plasticity, due to higher heterozygosity and/or greater adaptive potential related to higher genetic diversity (Otto and Whitton 2000; Husband et al. 2013) . Our evidences are in agreement with recent studies showing that polyploid genotypes, specifically allopolyploid species, gain advantage from the control of several physiological and metabolic pathways leading to vigorous growth and increased stress tolerance (Chen 2010; Wendel 2000; Yang et al. 2014) . Shafieizargar et al. (2013) showed that autotetraploid Dez Orange (Citrus sinensis L. Osb.) plants are more tolerant to biotic and abiotic stresses than their diploid counterparts. Citrus autotetraploid rootstocks are also more tolerant to salt stress and water deficit than their corresponding diploid (Allario et al. 2009; Saleh et al. 2008) . A previous study conducted in greenhouse conditions to evaluate several citrus somatic hybrids for tolerance to CTV, revealed susceptibility to virus infection in some of the somatic hybrids having sour orange (classified as susceptible) as one of the progenitors, some of them being tolerant to CTV (Mourao Filho et al. 2008 ). This result suggests that, in allotetraploid genomes, homologous genes could be differentially regulated in response to developmental and environmental signals.
This study highlighted that interspecific protoplast fusion and the resulting genome recombination might be useful to differentially modulate phytopathogenic response in regenerated plants. The ability of tetraploid citrus rootstocks to reduce tree size without affecting fruit quality (Grosser and Gmitter Jr 2011; Hussain et al. 2012) , and combining positive agronomic performances with an improved tolerance to biotic and abiotic stresses, makes tetraploid genotypes a very promising source of rootstocks for the citrus industry. The reduction in CTV replication induced by the somatic hybrid Calamondin+ 'Keen' sour orange is potentially useful to the citrus industry. In addition, all the somatic hybrids here tested showed appropriate nursery characteristics, being able to produce adequate nucellar seed for standard nursery propagation.
Finally, to verify the reaction toward natural infection of CTV in open field condition, the somatic hybrid plants have been transferred to two different citrus orchard locations characterized by severe disease incidence of CTV and high inoculum pressure of both the Tristeza virus strains analyzed in this study. Ten 3-year old plant/genotype for each location were randomly allocated in replicate trials. Preliminary results are very encouraging: routine ELISA assays as well as visual examinations on trees, over three consecutive years of observations revealed absence of symptoms of viral disease in all the Calamondin+'Keen' sour plants, therefore confirming the positive performance of this tetraploid somatic hybrid under field conditions. Overall, little genetic gain has been achieved from breeding for tolerance/resistance to CTV over the past 3-4 decades. Somatic hybridization confirms its potential as a useful tool for introducing disease resistance into elite susceptible crop cultivars. Further evaluation of our promising allotetraploids under different field environments is needed to confirm the reduction of CTV replication, assess their agronomical properties, and validate their potential exploitation in Citrus breeding programs. Moreover, to elucidate and analyse the effect of genome recombination following somatic hybrid formation, it will be of interest to perform comprehensive sequencing at the whole genome and methylome analysis and/or whole transcriptome level by using NGS (Next generation sequencing). However the hybrids studied here, having one parent known to be well adapted to calcareous soils and showing, at the same time, a reduction/decline of CTV replication, could be a very suitable option in the search for betterperforming citrus rootstocks in the Mediterranean area.
